The role of articular chondrocytes and matrix degrading enzymes such as collagenase and neutral protease in the pathogenesis of quinolone-induced cartilage degeneration was investigated in immature guinea pigs.
INTRODUCTION
Quinolone antibiotics are potent, broad spectrum antimicrobial agents that target DNA gyrase (bacterial topoisomerase 11) (22) . Nalidixic (NA) and oxolinic acid, the first marketed quinolones, were isolated from a distillate obtained during chloroquine synthesis. The newer quinolone agents typically are fluoroquinolone carboxylic acids.
All quinolone antimicrobials have the capacity to cause articular cartilage degeneration in growing animals and forthis reason their use is contraindicated in adolescents and pregnant women (4, 5, 16). Experimentally-induced cartilage degeneration is characterized by blister formation and subsequent cartilage erosion with the lesions being most severe in the weight-bearing joints of young animals (1 3, 14) . Degenerative changes in middle zone chondrocytes occur early as does focal swelling and decreased cationic dye staining (indicative of proteoglycan loss) of the middle zone matrix. Cavity formation occurs within 12-24 hr following administration ofa single large dose. Although the morphologic progression of the quinolone-induced cartilage lesion has been characterized in various animals, the pathogenesis of the arthropathy is unknown (7-9, 11, 13) . The rapidity with which matrix changes occur following administration of single doses of these antibiotics coupled with the seventy of the early changes could be consistent with a mechanism involving enzymatic degradation of the cartilage. However, this theqry:ypuld necessitate demonstrating the presencc of and identifying a source of matrix degrading enzymes. Therefore, a study was done to determine if the articular chondrocytes were actively involved in the induction of quinolone-induced cartilage degeneration and if there was evidence of increased production or activation of matrix-degrading metalloproteases in the degenerating cartilage. In this study, articular cartilagc from guinea pigs treated with NA was examined for the presence of collagenase and neutral protease activity. Also, articular chondrocytes of guinea pigs were killed by exposure 304 to intra-articular iodoacetate (IA) prior to dosing with NA to determine if typical quinolone lesions could be induced in cartilage devoid of viable chondrocytes.
METHODS

Experitiieiital A tiitiials
Fifty-five male, Hartley Albino guinea pigs were obtained from Charles River (Wilmington, MA). These animals weighed approximately 350 gm and were 6 weeks old. They were housed in pairs in 38 x 34 x 18 cm wire cages. Food (Purina Certified Guinea Pig Chow #5025, Ralston Purina, Richmond, IN) and water were available for ad libitiitit consumption. Animals were killed at the times indicated by exposure to carbon dioxide. Animal use was in accordance with AALAC guidelines for humane care.
liistopathology
Soft tissue excluding the medial and lateral joint capsule but including the patellar tendon, was removed from the femorotibial joints. The tissues were fixed in 10% neutral buffered formalin, and subsequently decalcified for 72 hr in Surgipath Decalcifier I (Surgipath Medical Industries, Grayslake, IL). The decalcified joints were cut frontally into 2 approximately equal portions and embedded in paraffin so that whole joint sections could be prepared. Eight micron step sections at 150-200 p intervals were stained with hematoxylin and eosin (H&E) or toluidine blue.
Test Chetnicals atid Reagetits
Iodoacetic acid was obtained from Eastman Kodak Co. (Rochester, NY). Nalidixic acid was obtained from Sigma Chemical Co. (St. Louis, MO). Dose preparations for both were made with sterile 0.9% sodium chloride. Animals dosed subcutaneously with NA were given 350 mg/kg ofa 162.5 mg/ ml solution. Animals given IA received 0.1 ml of a 3 mg/ml solution intraarticularly.
Collageiiase atid Neiitral Protease Activitib
The metalloprotease activities were evaluated in tibial articular cartilage from the right knee of control and NA-treated animals (4 per group). Cartilage was taken from one group at 6 hr after a single subcutaneous dose of NA. The second group received NA at time 0 and again 24 hr later. Cartilage was taken 6 hr after the second dose. pieces and homogenized with a small hand homogenizer. These operations were camed out at 4°C. The debris was removed by centrifugation at 10,000 x g for 10 min and the extract was assayed for protease activity. Collagenase activity was determined using rat tail tendon (type I) collagen labeled with 3H-acetic anhydride. Collagen (0.4 mg/ml) mixed with neutral protease buffer was allowed to form fibrils at 37°C in a microfuge tube, and the fibrils were thoroughly rinsed;The cartilage extract (from above) was added to the collagen fibrils and incubated at 37°C for 2 hr. The final volume was 300 pl. The reaction was stopped by adding 0.02 M EDTA centrifuged at 10,000 x g for 10 min, and the radioactivity in the supernatant fraction was determined. Collagen exposed to media from chondrocytes treated with interleukin-1 was included as a positive control (3). One enzyme unit was defined as the amount required to digest 1 pg of proteidmin at 37°C.
The neutral protease activity was assayed as above using 'H-casein as the substrate. The assay was con- ducted in a microtiter plate. The final concentration ofcasein was 1.25 mg/ml.
The left knee from each guinea pig was collected into formalin and processed for histopathological evaluation to ensure that animals treated with NA and used for biochemical analysis had cartilage changes.
Collageriase Syrttliesis
Collagenase synthesis was determined in tibia1 cartilage of control and NA treated guinea pigs,(2 per group) at 6 hr after a single dose and at 30 hr after 2 doses given at time 0 and 24 hr. Again, cartilage was removed from the tibia with #I5 scalpel and collected into serum-free Dulbecco's Modified Eagle's Medium (DMEM) and incubated with 3-'S-methionine (50 pCi/ml) + ascorbic acid (50 pg/ ml) at 37°C for 18 hr. The medium was collected, and the matrix was rinsed and extracted with 4 M guanidine hydrochloride + 0.01 M CHAPS (Calbiochem). Both were dialyzed, lyophilized and analyzed by sodium-dodecyl sulfate/polyacrylamide gel electrophoresis (3% stacking gel and 3-1 5% running gel). The gels were dried under vacuum and exposed to an x-ray film for 7 days at -70°C. The medium of rabbit articular chondrocytes treated with interleukin-1 and known to contain procollagenase was used as the positive control (3). The left knee was collected into formalin and processed for histopathological evaluation.
Role of Viable Choridrocytes
Preliminary studies were done to determine the sensitivity of guinea pigs to NA induced cartilage degeneration. Groups of 5 animals each were given single subcutaneous doses of 350 mg/kg and killed at 4,8,24 or 48 hr post-dosing. An additional group of 5 animals was given two 350 mg&g doses at 24 hr intervals and killed 24 hr later. The right and left knees were collected into formalin and processed for histopathological evaluation.
To determine the importance of viable chondrocytes in the generation of the NA lesion, articular chondrocytes were killed prior to quinolone dosing by 2 intraarticular injections of 300 p g of the glycolysis inhibitor IA, at 24 hr intervals. Two 350 mg/ kg doses of NA were then given subcutaneously to animals with and without viable chondrocytes to determine their importance in the lesion generation. The right and left knees were collected into formalin and processed for histopathological evaluation. Test groups consisting of 3 animals each were as follows:
Group ]-Right knee injected with IA at time 0 and again 24 hr later. Animals were killed 24 hr later (48 hr after the initial IA injection) and knees were examined to insure that there was diffuse chondrocyte death at the time at which NA was given to animals in group 4.
Groiip 2-Right knee injected with I A at time 0 and again 24 hr later. Animals were killed 72 hr later (96 hr after the initial IA injection) and knees were examined to determine morphologic features of IA-induced cartilage changes at the time at which the combined IA/NA treated animals were killed.
Group 3-Animals were given NA at time 0 and again 24 hr later. They were killed 24 hr later (48 hr after the initial NA treatment) and knee lesions were compared to those present in animals in group 4. Group 4-Right knee injected with IA at time 0 and again 24 hr later. Animals were given NA 24 and 48 hr later (48 and 72 hr after the initial injection of IA). Animals were killed 24 hr after the last dose of NA (96 hr after the initial IA injection).
RESULTS
Collageuase and Neutral Protease
Determination of enzymatic activities revealed that at either time point after the administration of NA, there was no detectable level of collagenase or neutral protease (data not shown). This was further confirmed by examining the cartilage for the production ofcollagenase. The data (Fig. 1) showed that neither the control nor the NA-treated chondrocytes produced any collagenase under these conditions. As a positive control for the identification of procollagenase, media for chondrocytes treated with interleukin-1 was included (Fig. 1) . Our previous studies have identified these bands as procollagenase of M, = 55 Kd and 52 Kd (3). Thus, at this level of analysis, no direct evidence for the synthesis of procollagenase exists after NA treatment. Histologic evaluation of left knees from animals used in the collagenase assays indicated that significant degenerative changes were present in the articillar car$-lage of guinea pigs killed at 30 hr (6 hr after the second dose ofNA). Animals killed 6 hr after a single dose of NA had evidence of middle zone chondrocyte pyknosis and slight tinctorial changes in the toluidine blue staining of the surrounding matrix. Knee joint cartilage from control guinea pigs was histologically normal (Fig. 2) .
Role of Viable Chondrocytes
Preliminary studies indicated that a single subcutaneous 350 mg/kg dose of NA would consistently produce bilateral lesions of mild to severe cartilage degeneration at 48 hr post dosing in the joints of 350-400 gm Hartley male guinea pigs. Administration of two 350 mg/kg doses at 24 hr intervals resulted in marked to severe cartilage degeneration at 48 hr in all animals. In a time course study in which joints were examined at 4 , 8 and 24 hr after a single dose, changes consisting of chondrocyte degeneration and slight middle zone matrix swelling were mild at 8 hr post dosing and marked at 24 hr post dbsing'. Generally, the tibia1 cartilage was more severely affected than the femoral cartilage (data not shown).
Animals which were part of the IA/NA combination study had the following alterations:
. Group I -Injection of IA at time 0 and again 24 hr later resulted in virtually 100% loss of viable chondrocytes in the weight-bearing portions of the articular cartilage by 24 hr after the last injection (Fig. 3) . Mild diffuse decrease in intensity of toluidine blue staining suggested that some proteoglycan loss had occurred at this time point. However, there was no evidence of cartilage swelling (hyperhydration) or damage to the collagenous portion of the matrix as indicated by fibrillation or cleft formation. The synovial membrane was hypercellular as a result of mild synoviocyte hyperplasia and neutrophil infiltration. Small amounts of fibrin in which neutrophils were embedded were present in the joint space.
Group 2-Cartilage from animals injected with IA at time 0 and again 24 hr later, and then killed 72 hr after the last IA injection, was devoid of viable chondrocytes and had mild loss of proteoglycan as shown by toluidine blue staining (Fig. 4) . Despite the loss of proteoglycan, the cartilage surfaces were smooth and nonfibrillated. Synovial hypercellularity was increased over that seen at 48 hr, due to mononuclear inflammatory cell infiltrate.
Group 3-Cartilage lesions in animals given 2 doses of NA at time 0 and 24 hr later and then killed 24 hr after the last dose, consisted of marked chondrocyte and proteoglycan loss involving primarily the superficial and middle zones of the articular cartilage of the tibial plateaus and in some animals, the femoral condyles (Fig. 5) . Large clefts devoid of matrix were often present and in some animals, the superficial and upper middle layer had sloughed off leaving only fibrillated degenerated deep zone matrix. Minimal synoviocyte hyperplasia also was evident.
Croup I-Animals in this group received 2 intraarticular injections of IA at time 0 and at 24 hr to kill the articular chondrocytes prior to dosing with NA. Hence, diffuse loss ofchondrocytes was evident in. the;articular , cartilage. In addition, large clefts devoid of matrix 'similar to. those occumng in NA only treated animals were present in the cartilage of all animals in this group (Fig. 6) . As in NA only treated animals, proteoglycan loss was marked in articular surfaces that exhibited typical "blister" formation. Synovial membrane changes were similar to those occumng in animals in group 2. lesions" in the weight-bearing portions of the articular cartilage. As in other species (7, 13), degeneration and death of middle zone chondrocytes occur at about the same time that matrix lesions become evident. The occurrence of such a site specific lesion would suggest a selective effect on chondrocytes in the middle zone or a selective disruption of the organization of the constituent connective tissue molecules of that region or both. Chondrocytes from various regions of the articular cartilage 'do shoy distinct metabolic responses to various growth factors (1) . Differential rates of matrix molecule synthesis have also been demonstrated suggesting that chondrocytes in different locations in the articular cartilage could respond differently to various insults (2) . However, results of this study indicate that the development of the quinolone-induced matrix lesions was not dependent on the presence of viable chondrocytes suggesting that articular chondrocytes do not play an active role in the initial pathogenesis ofthis arthropathy: Guinea pigs injected intraarticularly with the glycolysis inhibitor IA had diffuse chondrocyte loss and mild proteoglycan depletion, but these changes in conjunction with frictional forces associated with load-bearing were not suficient to induce morphologic changes resembling those occurring in NA-treated animals. Therefore, it would seem unlikely that the lesions of quinolone arthropathy result simply from quinolone-induced killing of middle zone chondrocytes. Cartilage devqid .of the cells which are responsible for matrix production and mintenance will eventually degenerate and there is no doubt that death of middle zone chondrocytes is important in the pathogenesis of the lesion since their demise precludes the possibility of repair of damaged matrix. However, lesions in acellular, IA exposed guinea pig cartilage bear little resemblance to those seen with quinolone arthropathy, even at 14 days post I A injection when there is extensive degeneration (12, 21) .
DISCUSSION
Retention of the midzone specificity for the quinolone lesion despite the absence of viable chondro-cytes suggests that selective effects of NA on midzone matrix may be important in the pathogenesis. Previous studies have demonstrated that distinct differences, including variation in spatial organization and size of collagen fibrils, exist in the extracellular matrix in different regions of articular cartilage (20) . It is possible that the quinolones may selectively interfere with the interactions among these molecules in the midzone leading to a loss of organized structure primarily in that area. Age-related differences in the content of various collagen crosslinks have been reported in humans and domestic animals (6, 17, 18) . These differences could be important in explaining the age-dependent susceptibility of animals to lesion induction. Generally the cartilage of mature animals is not adversely affected by exposure to quinolones. However, quinolone induced arthropathy has been reported in adult dogs fed high doses of pefloxacin for long periods of time (4). Early collagen changes possibly resulting from direct or indirect effects of the quinolone on middle zone matrix integrity could be a prelude to matrix hyperhydration and chondrocyte degeneration as a result of changes in osmolarity. A loss of matrix integrity involving the collagen framework would render the chondrocytes more susceptible to mechanically-induced degenerative changes.
The metalloproteases such as collagenase and stromelysin have been widely implicated in the destruction of cartilage matrix in various arthritides (10, 15, 19) . In order to study if NA-induced lesions could involve such a mechanism, we examined the cartilage of control and NA-treated guinea pigs for the presence of collagenase/neutral protease activity. We also examined cartilage from NA-treated animals for the capacity to synthesize metalloproteases. Our results provide no evidence for synthesis or activity of these enzymes after NA treatment. However, we have not addressed the question of whether other enzymes such as cathepsin D or hyaluronidase could play a role in matrix degeneration in this situation. Also, we have not examined the possibility that mechanisms involving free radicals might be operative. Irrespective of these-possibilities, our results suggest that abnormalities in c h o p drocyte function may not be of major importance in the early stages of lesion generation. Therefore, the study ofquinolone-induced matrix changes rather than chondrocyte functional changes may ultimately be more rewarding in elucidation of the pathogenesis of quinolone arthropathy.
